Absfract-A three-wave free-electron laser (FEL) was operated with a powerful 8.4-GHz electromagnetic "pump" wave replacing the usual magnetostatic wiggler. The presence of a uniform axial magnetic field B,, produced cyclotron-harmonic "idler" waves. Peaks in the emission spectrum corresponding to cyclotron harmonics were observed covering a frequency range from 16.5 to 130 GHz. The frequency spectrum of this novel FEL mechanism was tuned continuously by the variation of B,,.
I. INTRODUCTION N RECENT years there has been strong interest in free-I electron lasers (FEL's) for the production of highpower, coherent, tunable electromagnetic radiation. Both two-wave FEL's [ 11- [4] and three-wave FEL's [5]- [7] have been demonstrated and have exhibited great potential for extending the available range of wavelength and power levels of coherent sources while maintaining high operating efficiencies. Three-wave FEL's consist of an idler wave on the electron beam, a pump wave, and a radiation wave. Typically, the pump wave is created via a static periodic magnet (wiggler). However, any field that induces a transverse electron oscillation would, in principle, function as a pump field. For example, a static periodic electric field [8] or an electromagnetic field [9] could be used.
In experiments where a solenoidal guide magnetic field is present in addition to the wiggler field, either beam space-charge waves or beam cyclotron waves can act as idlers in a three-wave FEL. The case of an FEL with a space-charge wave idler was carefully studied in the experiments of Fajans et al. [ 101. The effect of electroncyclotron motion on FEL operation has been studied both theoretically [ 111 and in experiments [ 121-[ 141. The threewave FEL was a magnetostatic wiggler and fundamental cyclotron-frequency idler was studied experimentally [ 131, [ 141, and that work is closely related to the present study.
Recently, powerful radiation at millimeter wavelengths [ cillator experiments in our laboratory, which was designed to generate high-power microwaves at a wavelength of several centimeters and peak power levels of = 100 MW [17] , [18] . In the present work we present detailed measurements of the spectrum of the millimeterwave radiation which is observed in very high-power backward-wave oscillators and use the features of the observed spectrum to deduce the radiation mechanism. We found the unexpected result that the millimeter-wave spectrum is composed of an array of regularly spaced peaks. The frequencies of the peaks and their variation with the strength of the axial guide magnetic field indicate that the spectrum is due to a three-wave FEL interaction with cyclotron-harmonic beam waves acting as "idlers," and with the backward-wave oscillator radiation at a frequency of 8.4 GHz acting as the pump wave [19] , [20] . This paper is organized as follows: Section I1 presents a brief review of the classical free electron laser (magnetostatic wiggler) and the electromagnetically pumped free electron laser. In Section I11 the experimental setup is described. Experimental results, the basic theory of the interaction, and a discussion are presented in Section IV. Portions of this work have been previously reported [ 191. 11. REVIEW OF CLASSICAL (MAGNETOSTATIC) AND ELECTROMAGNETICALLY PUMPED FREE ELECTRON LASER The theory of the classical (magnetostatically pumped) FEL has been extensively developed [21] , [22] and will not be discussed in detail. Although the full theory of electromagnetically pumped free electron lasers is less complete [23] , [24] and is also beyond the scope of this paper, a brief physical picture will be presented in conjunction with those portions of the theory needed to predict the complex output spectrum. The electromagnetically pumped FEL is attractive because it enables significant increases in the radiation frequency for the same beam parameters (as compared to the magnetostatic wiggler-driven FEL) and continuous tunability by changing the electromagnetic pump frequency.
There are basically two physical regimes for FEL's: In the collective regime, where the density of the beam is high, the process involves a beam idler wave (such as a slow space-charge or a cyclotron wave), the radiation wave, and the wiggler (magnetostatic and electromagnetic). In this three-wave interaction regime the intense electron beams are often moderately relativistic (0.5-2 MeV), as is the case for the work reported here. In the low density ("Compton" ) regime, the interaction is between the individual electrons, the radiation field, and the undulator. This is a two-wave particle-interaction regime and is characterized by a highly relativistic electron beam (10-1000 MeV).
The most basic free electron laser radiation mechanism is a two-wave interaction in which a transverse, periodicmagnetic field induces oscillations on an intense, energetic electron beam. Using the configuration shown in Fig. 1 , an electron beam is injected along the i so that it will pass through the spatially varying magnetic field generated by the permanent bar magnets labelled Nand S . At the point of interaction the electrons have random phase and radiate incoherently. However, a ponderomotive force is produced by the action of the induced U , (often called the quiver velocity or wiggler velocity) and the radiation (or scattered) wave. Thus from the Lorentz force law, where 1 e (is the electronic charge, 21, is the wiggler velocity, and B, is the magnetic component of the scattered electromagnetic wave. This i-directed force acts to push the electrons into axial bunches. The pondermotive force causes some electrons to be accelerated and others to be decelerated. If the axial velocity of the beam uz0 is such that more electrons are decelerated, then the average energy of the electrons decreases and the radiation field is enhanced. Clearly, this process will only proceed when the oscillating electrons are properly synchronized with the electromagnetic wave. This synchronism condition leads directly to a relation for the expected frequency spectrum of the ideal magnetostatic FEL model.
Next, we calculate this synchronism condition and the expected radiation frequency for both the magnetrostatic and electromagnetic pumped FEL's, with and without waveguide effects, for both two-and three-wave FEL's. The FEL interaction occurs when the beam particles see the wiggler and radiation to have the same frequency. For a magnetostatically pumped FEL in free space, the wiggler can be described as
The radiation field is given by
where the + / -indicate backwardlfonvard propagating waves and the beam motion is given by
In the above equations k,,., k,, w,, and ull are the wiggler wavenumber, radiation wavenumber, angular radiation frequency, and beam velocity, respectively. With w, = k,c, where c is the speed of light, the resonance condition is therefore reached by equating the phases in (2) and ( 3 ) and using (4) to obtain:
where the + / -signs correspond to frequency downhp conversion, and On u , , / c . This can also be written as Similarly, for electromagnetically pumped FEL's, the wiggler field can be described by where wl , . is the angular frequency of the pump wave and the radiation field is given by
By using wlv = k,,.uph, where uph is the phase velocity of the pump wave, the resonance condition for an electromagnetically pumped FEL can now be cast in a form similar to (5):
where the equivalent wiggler wave number is now defined as This resonance condition can also be written in a form similar to (6); namely,
The preceding analysis is appropriate for low-density electron beams in which single-particle equations can be used to describe the interactions; i.e., the Compton regime. For higher density electron beams, collective effects become important and beam waves or "idlers" can participate in a more complicated three-wave interaction-the Raman regime. The FEL described in this paper operates in this high beam-density Raman regime.
The basic approaches used to describe the expected output from a two-wave single particle FEL interaction can be expanded to include the effect of the "idler" wave which participates in three-wave FEL interactions.
A high-current electron beam propagating through an axial magnetic field can support several types of "beam idlers" [25] . The most important types (and the only ones that will be considered in this report) are the natural plasma resonances; namely, the negative energy spacecharge and cyclotron waves and their harmonics. These waves can interact with the pump wave to efficiently couple energy from the electron beam into "scattered radiation" via a three-wave interaction where the idler acts as a low-frequency "beat" wave.
The effect of idlers on the resonance condition results in an additional shift in the radiation frequency given by (5) Here m and 1 are integer harmonic numbers.
The resonance conditions given by ( 5 ) , (lo), and, in particular, (12) can now be extended to include the effects of a finite transverse-interaction region. The amplified FEL wave propagates inside a drift tube which acts like a waveguide. The waveguide modes are characterized by a low-frequency cutoff, and therefore the FEL radiation frequency will be most strongly affected in the vicinity of this cutoff. The frequency and wavenumber in the waveguide must satisfy
where U,, represents the mode-dependent cutoff frequency of the waveguide. Radiation growth occurs near frequencies corresponding to the crossing points of the dispersion curves represented by (12) and (13). Solving (12) and (13) simultaneously yields the frequencies of two unstable classes of modes; viz., Here the + / -sign in (14) represents the up-and downshifted interaction branches, and Ke, now includes the effects of the idlers.
This expression can be used to calculate the radiation frequency of two-and three-wave FEL's, magnetostatically and electromagnetically pumped, including the effect of the waveguide. The definitions of Kef that correspond to various FEL mechanisms are given in Table I .
An idealized dispersion relation for an electromagnetically pumped FEL with space-charge and cyclotron idlers is shown in Fig. 2 . In this figure the up-and downshifted interaction frequencies are marked with circles.
It is important to note that if we consider the various cyclotron-harmonic idlers ( I > 1 ) and a fixed value of the applied axial magnetic field is chosen, then a whole spectrum of regularly spaced peaks should be produced by this interaction. Although some of the even harmonics were omitted from Fig. 3 for clarity, all harmonics are present in any spectrum which can be modeled by (14) for the case of cyclotron-harmonic idlers. Fig. 3 corresponds to the experimental parameters that will be described in the following sections. The line width of an electromagnetically pumped FEL will depend on the natural line width and will also be subject to broadening due to the finite pulse duration and to the finite spectrum of the electromagnetic pump. It is expected that the pump line width will translate into the FEL line width according to This point will be further discussed in Section IV.
THE EXPERIMENTAL SETUP
The electromagnetically pumped FEL experiment was designed to use only a single electron beam. The relativistic electron beam initially generated a powerful electromagnetic wave by interaction with a corrugated waveguide structure, and thus exciting a backward propagating mode at 8.4 GHz. This backward wave served as the pump wave for the FEL interaction. The two processes develop simultaneously on the same electron beam, thereby producing coherent millimeter wave radiation as well as powerful centimeter wavelength microwaves.
A schematic of the experimental concept showing the principal wave traffic is shown in Fig. 4 . An annular relativistic electron beam (625 kV, 2 kA, 100 ns) is guided by a strong axial magnetic field through a corrugated slow-wave structure. The slow-wave structure allows the electron beam to couple kinetic energy from the beam into an electromagnetic mode of the structure which propagates antiparallel to the electron beam. This backward propagating mode ( TMol ) provides the pump wave for the FEL interaction. Both the pump and scattered radiation are reflected by the mirror, and both are detected downstream.
The basic experimental configuration is shown in cathode immersed in an axial magnetic field and driven by a pulse line accelerator [26] . A 1-m long solenoid was used to produce fields up to 23 kG inside the device, which operated at a background pressure ofIn addition to a variety of probes used for measuring the beam parameters, microwave and millimeter wave diagnostics were also used. The microwave diagnostic system used to measure the frequency spectrum from 7-18 GHz is shown in Fig. 6 . An array of band-pass and lowpass filters as well as dispersive lines and heterodyne mixtorr. ers were used to measure the power and frequency in this band [27] . Measurements of the millimeter spectrum (FEL radiation) were made from 50 to 130 GHz using a grating spectrometer [28] having a resolving power Af/f = 2 % (see Fig. 7) . A BWO was chosen as the electromagnetic pump generator because of its high-power handling capabilities. To equal the strength of a 300-G magnetostatic pump, the power of an electromagnetic wave in a 3-cm diam wave guide should be -50 MW. The BWO mechanism can easily generate these power levels and more in the fundamental TMol mode [ 171, [ 181. Since the beam is axially symmetric and directed in the z direction, one anticipates a strong coupling of the beam energy to the TMol mode of the corrugated structure. The dispersion relation for an infinitely long structure with a periodicity of 1.67 cm and corrugation amplitude of +27 % (the experimental value) is given in Fig. 8 [29] . Also superimposed in the same figure is the beam's space-charge wave-dispersion relation given by where n is the spatial harmonic number and L is the period of the ripples on the slow wave structure. Finally, the BWO operated at a beam current of 2.3 kA, which is about three times the start oscillation current 1301.
IV. RESULTS AND DISCUSSION
The measured spectrum of the millimeter wave radiation exhibits a distinct line structure of regularly spaced peaks, as shown in Fig. 9(a) . In Fig. 9 (b) the spectra corresponding to two different values of magnetic field are plotted. It can be clearly seen that the entire frequency spectrum is shifted when the magnitude of the guide field is changed. The frequency spectrum was tuned continuously by varying the guiding magnetic field. Although not shown in this section, spectra were also measured for several other values of the magnetic field, including 11.4, 19.4, and 20.3 kG. Regularly spaced peaks were always present. The frequencies of the peaks and their variation with the strength of the axial magnetic guide field indicate that the spectrum is due to a three-wave FEL interaction in which cycloton harmonic beam waves act as "idlers." There is an excellent match between the experimental data and the prediction of the model represented by (13), as will be discussed shortly. Also, a detailed examination of low-frequency , low-harmonic number data will be used to demonstrate that the emission spectrum is due to an FEL interaction, and not to a CHARM interaction. This is important because of the close similarity between the FEL and CHARM spectra-especially at the higher frequencies. An electromagnetic pump wave incident on the electrons can result in the development of body "idler" cyclotron harmonic waves and a backscattered electromagnetic wave. This situation can be clearly visualized using the Stokes diagram in the laboratory frame, as shown in Fig. 10 . The interaction can be based on one of many cyclotron harmonic numbers, where only one of them (second harmonic) is shown in the figure for clarity. Different harmonic numbers will introduce changes in the radiation frequency ( u r ) , and a spectrum having regularly space peaks is expected.
The idealized dispersion relation for the electromagnetically pumped FEL with cyclotron-harmonic idlers is shown in Fig. 11 . There are two allowed interaction frequencies for each harmonic number-an "upshifted" and a "downshifted" frequency. Actually, both interaction frequencies are generally higher than the pump frequency, but convention refers to the higher as upshifted and the lower as downshifted. In Fig. 11 the lower downshifted interaction frequencies are marked with circles. As was shown in Section 11, the radiation frequency for an electromagnetically pumped FEL with a cyclotron harmonic is given by ( 13), and Kef (defined in Table I ) is For the experimental data presented in Fig. 9 , the minimum observed frequency was 50 GHz, and the waveguide effects can be ignored (U,, + 0). Equation (14) can then be reduced and cast in terms of frequencies to become:
where f r and f,,, are the frequencies of the scattered and pump waves, and f,, is the relativistic electron-cyclotron frequency.
The parameters (corresponding to the experimental conditions) used for the calculations are shown in Table  11 . Both the theoretical (equation (18)) and the experimental results are superimposed in Fig. 12(a) and (b) . The two most convincing aspects of the fit between theory and experiment are the peak spacing and magnetic field dependence. Harmonic numbers 1 = 1 and 5 through 14 were identified during the scanning of most of the spectrum between 7 and 130 GHz. Furthermore, the locations of the measured spectral peaks move with the axial magnetic field, which would not be expected in the FEL with the space-charge idler. Adequate microwave diagnostics were not available for the range from 18.6 to 50
GHz where harmonic numbers 1 = 2, 3, and 4 were predicted to appear. Fig. 12 shows the excellent match between the theoretical predictions for the frequency shift and experimental results.
This frequency shift with magnetic guide field is especially important because it not only eliminates several prospective mechanisms for high-frequency microwave production but also eliminates the possibility that the peaks were due to resonances in the diagnostic system.
The experimental results presented so far clearly fit the mechanism of an electromagnetically pumped FEL with cyclotron-harmonic idlers. The measured spectra in the range 50-130 GHz correspond to the downshifted resonance condition when the FEL is pumped by a backward wave. Nevertheless, it must also be shown that other computing mechanisms are inappropriate.
Models based on the excitation of higher order modes in the BWO can easily be dismissed by considering the experimental frequency shift versus magnetic field. The higher order modes are solely a function of the geometry and do not depend on the applied magnetic field strength.
Other radiation mechanisms with somewhat similar spectra are the FEL pumped by a forward pump (Pph + -P p h ) and the counterwave cyclotron-harmonic autoresonant maser for which we coin the acronym CHARM [31] , [32] . The spectra of these mechanisms is significantly different from that of an FEL pumped by the backward wave for low frequencies; i.e., low-harmonic number ( I < 3). The experimental data for low-harmonic numbers will be used to distinguish between the above mechanisms because of the close similarity of the spectra at high-harmonic numbers. For example, the forward-wave FEL model predicts interactions at both 10.4 and 17.6 GHz, while the backward-wave model predicts only a single interaction at 17 GHz. Careful study of the frequency range from 7-20 GHz revealed peaks at only 8.4 (pump frequency) and 16.5 GHz. As there was no microwave power detected in the frequency range near 10.4 GHz, we can therefore conclude that the forward-wave model can be excluded.
The counterwave CHARM also has a significantly different spectrum at low-harmonic numbers. Specifically, radiation with that mechanism should be produced at 12.5 and 18.2 GHz (for an applied field of 10 kG), but in an intensive spectral search from 7 to 18.6 GHz microwave radiation was only detected at 8.4 GHz, the frequency of the pump wave, and at 16.5 GHz, the 1 = 1 harmonic of the electromagnetically pumped FEL with cyclotron-harmonic idler.
These differences are clearly seen in Fig. 13 in which the downshifted spectra are plotted for the CHARM and backward pump-wave FEL interaction. The solid lines represent theory and the circled crosses denote experimentally measured peaks. A careful search of the microwave spectrum was able to detect power only at the single frequency marked by the circled cross. The data point clearly corresponds to the expected spectrum of the backward wave pump rather than to the expected spectrum of the CHARM interaction. Thus the CHARM model fails to adequately predict the measured frequency spectrum.
In addition to the poor match between low-frequency predictions and experimental data, measurements of the electron-beam parameters indicated that P, < 0.05 f 0.01, which is insufficient for the production of radiation via a CHARM-type interaction. Finally, when a smooth metallic liner was inserted into the drift tube to eliminate the periodic wall, no electromagnetic radiation at any frequency could be detected. This supports the assertion that the observed microwave spectrum was due to a non- CHARM-type process. If the radiation leaving the drift chamber (as indicated in Fig. 5 ) is assumed to be isotropic and the pickup horn is assumed to be in the far-field region, then the power at 16.5 GHz corresponding to / = 1 is =250 kW, with decreasing power levels for emission lines corresponding to larger values of 1.
Finally, a short discussion of the FEL spectra purity and frequency scaling with energy will be given. As was indicated in Section 11, the FEL spectral broadening due to the finite spectral width of the pump wave is expected to follow (14). Since the FWHM relative width of the 8.4-GHz electromagnetic pump is -2.4%, the FEL relative line width is expected to be similar, which is in good agreement with the experimental results ( -2.5% ) presented in Fig. 9 (although this result is also close to the resolving power of the spectrometer).
An interesting feature of this novel FEL mechanism is its frequency scaling with y as shown in Fig. 14 . Also shown in the figure are the upshifted ( + ) and downshifted ( -) frequency conversion factors for magnetostatically (labeled SM) and electromagnetically (labeled EM) pumped FEL's with space-charge wave idlers. Note that the behavior predicted for a downshifted electromagnetically pumped FEL with a cyclotron-harmonic idler (labeled CI in Fig. 14) is different from the behavior of the other FEL mechanisms. The figure shows the specific scaling law for the harmonic number I = 7, but the behavior is typical for all harmonic numbers. The decrease of frequency with increasing y can easily be understood by referring to (17). There, fCe is the relativistic electroncyclotron frequency which decreases with increasing y, and the term lfce is dominant. Note also that it is possible to tune the frequency of the FEL by varying either the axial magnetic guide field or y.
V. CONCLUSION The work reported here is the first to demonstrate cyclotron-harmonic idlers and is also the first study of the frequency spectrum produced by this class of devices. In fact, the spectrum was carefully resolved from 7-20 and 50-130 GHz. We have demonstrated that electromagnetic pumping in the presence of a uniform axial magnetic field results in a three-wave FEL interaction involving cyclotron-harmonic idler waves. The differences in the spectra predicted by other possible mechanisms were sufficiently distinct that they could be eliminated in favor of the threewave EM-pumped FEL. This mechanism produced coherent, powerful, millimeter-wave radiation with a relatively modest value of the uniform magnetic field. A continuous tunability over a very wide frequency range is a distinguishing feature of this FEL mechanism. Although the data reported have resulted from the downshifted interaction branch, the same mechanism is also expected to produce much higher frequencies on the upshifted branch for the same electron beam parameters and magnetic field. For example, harmonic 1 = 15 will radiate at 1578 GHz as can be seen from Table 111 . While the power at 8.4 GHz was about 100 MW, the power in the emission at 16.5 GHz (corresponding to I = 1 ) is estimated at 250 kW, with decreasing power levels for emission lines at larger values of 1. Note that the two mechanisms, the BWO and FEL, occur simultaneously, and no effort has been yet made to optimize the FEL interaction. Also, while the BWO process involves an absolute instability and requires no resonant cavity, the high-frequency FEL process involves a convective instability and can very likely be enhanced by the presence of a resonant cavity of optimized dimensions. Finally, it should be noted that the value of the guide magnetic field for optimizing power in the BWO "pump" may not be the same as required to maximize the FEL output power.
A sketch of a new experimental configuration which we propose to use for characterizing and optimizing the FEL emission is shown in Fig. 15 . The region of FEL interaction is separated from the BWO region and will have a separately variable length and guide magnetic field. By separately varying the magnetic field strength in the BWO region, the power in the EM "pump" wave for the FEL process can be controlled and the threshold "pump" power for turning on the FEL can be determined. Also, in Fig. 15 , the distributed feedback is used to define a resonant cavity for the FEL interaction. The distributed feedback could be accomplished by small-scale periodic reflectors (e.g., Bragg reflectors) that will not seriously perturb the 8.4-GHz "pump" wave. The use of distributed reflection to enhance this type of two-stage wave generation has been suggested by Bratman et al. [33] . It has been suggested [34], [35] that for a given output wavelength, electron energy requirements could be greatly reduced if a two-stage FEL could be constructed.
Such an FEL could operate at a wavelength A , -1,./8y4.
In the present study of a two-stage process, only the second stage is an FEL. We nevertheless expect the insights gained in this study of EM pumping to contribute to a better evaluation of the potential for a two-stage FEL. 
